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Abstract. At CLEO, the charmonium singlet states 1¢(2'S)) and he(1'P;) have been firmly iden-
tified and a long standing discrepancy for 'y ( X2 has been resolved.
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1. INTRODUCTION

Quantum Chromodynamics, QCD, took foothold with the discovery of J/{, the spin—
triplet S—wave state (13S;) of Charmonium. Despite 25 years of extensive work in
charmonium spectroscopy by SLAC and DESY in €& annihilation and Fermilab in pp
annihilation, several nagging problems remained unsolved. Among the most important
were problems related to spin—singlet states and two—photon widths of C+ states.

Neither the "€~ or pp experiments were able to identify the S- and P-wave singlet
states N¢(2'S) and hc(llPl). These states are obviously extremely important for under-
standing the spin—spin hyperfine interaction of qq

The two—photon widths of C+ states XCJ( : 0 27%) are important for under-
standing relativistic and radiative effects in charmonla because in the lowest order they
are pure QED widths, akin to those of positronium levels. Unfortunately, results from
different measuring techniques have remained very divergent for about twenty years.

In this talk, I am going to address both of these problems.

2. DISCOVERY OF h¢(1'P;) STATE OF CHARMONIUM

After 25 years of failed efforts to identify it, nC(ZISO) was finally identified by Belle,
BaBar, and CLEO. CLEO [1] measured M(n¢(2'S)) = 3642.9 4+ 3.4 MeV, which de-
termines AMp¢ (2S) = 43.1 + 3.4 MeV. This is an unexpected and extremely interesting
result, considering that AMp¢ (1S) = 117 £ 1 MeV, and most theoretical predictions had
AMpt (2S) =~ 65 MeV.

The unexpectedly small hyperfine splitting observed for 2S states makes it more
interesting than ever to look deeper into the hyperfine splitting of other charmonia, in
particular the 1P states.

If the confinement potential is Lorentz scalar, there is no long—range spin—spin inter-
action in qq. It follows that for all other waves (L # 0) hyperfine splitting is zero, so
that AMp¢ (1P) = <3PJ> ). To test this prediction it is necessary to identify

he(1'Py) and measure M(h) W1th prec1510n.
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FIGURE 1. CLEO Observation of he(1'Py), in (left) inclusive analysis (right) exclusive analysis [3].

In 1992 Fermilab E760 studied the reaction pp — he — 11°J /W and claimed the
observation of a signal for he. However, higher luminosity runs by Fermilab E835 [2]
in 1996 and 2000 failed to confirm this observation. Fermilab E835 has also searched
for he in their 1996/2000 data in the reaction pp — he — ync. They report AMp¢ (1P) =
—0.4+0.2+0.2 MeV, with 13 observed events and a significance of the h; signal at
~ 30 level. At CLEO [3] we have now firmly identified he with a significance of 60.

At CLEO data were taken at (/(2S), with 3.08 million /(2S). These data have been
analyzed for [3]

P(28) — nohc , he — yne

Both inclusive and exclusive analyses were done, and an accurate determination of hg
mass was made in recoils against 71°’s whose energy could be measured with precision.
Inclusive Analyses. Two independent analyses were made, one in which the photon
energy E, was constrained, and the other in which M(n¢) was constrained. Completely
consistent results were obtained.
Exclusive Analysis: In this analysis, instead of constraining Ey, or M(nc), seven
known decay channels of ¢ were measured. Once again, consistent results were ob-

tained.
The overall result is M(he) = 3524.4+£0.6 0.4 MeV, or

MM (1P) = (M(Xe3)) — M(he) = +1.0 0.6 +:0.4 MeV

Two conclusions follow from these results: (a) the simple pQCD expectation is not
strongly violated, (b) the magnitude and sign of AMps is not yet well determined.

3. TWO-PHOTON WIDTH OF X2

There are two different ways of measuring the two—photon width of Xc. In €&
collisions, the X state is formed in two—photon fusion, Yy — X2, and a subsequent
decay of X (usually Xeo — YJ/Y) is measured. These measurements, including the
latest one from Belle [4], yield I yy(Xc2) = 1000 — 3000 eV. In pp annihilation, the X
state is directly formed and its decay into two—photons is measured. In these Fermilab



TABLE 1. Results of the latest measurements of I yy(Xc2).

O Experiment Fyy(Xe2) €V)  Tyy(Xe2) €V)
So0f (as published) (as reevaluated)
A Present [6]: VY — X 559 +83
g f Belle [4]: yy — Xc 8504+ 127 570+ 81

0 E835 [5]: X2 — YV 270+ 59 384+ 83
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FIGURE 2. Distributions of AM observed.

measurements [5], [yy(Xc2) = 300 eV is determined. It is this persistent and long-
standing large discrepancy which motivated us to make the present measurement at
CLEO [6] using 14.4 fb~! of e"e~ data taken in the Upsilon region to study the two—
photon fusion reaction

e'e —e'e +yy, WoXe—V/P, I/Y—ete +utu

The spectrum of photon mass, AM = M(y1*17) —M(I717), in Fig. 3 shows clear
peaks corresponding to the E1 photon from X — yJ/4. Fits to these peaks leads to
Cyy(Xc2) = 544 £87, 571 +£76, 559 +57 eV for ete™, utu~, and (ete” +putu"),
respectively, using Z(Xc2 — Y3/ ) =(19.9 £ 1.7)% as measured recently by CLEO [7].

In making a comparison of the present results with other recent results, it was noted
that the differences originated from using an old (PDG1990) value for Z(Xc; — YJ/W)
which was nearly 40% smaller than the result of the new CLEO measurement [7]. When
the results of the Belle and E835 measurements are reevaluated using the CLEO value
of B(Xe2 — YI/ ), it is found that all results become completely consistent.

Since the two gluon decay width of Xc», Mgg(Xc2) = 1.55+0.11 MeV, our measure-
ment of "yy(Xc2) allows us to estimate the strong coupling constant as(mM). According
to pQCD, I yy(Xc2) /T ag(Xc2) = (802 /9a2). This leads to as= 0.36+0.03. If first order
radiative corrections are included, we obtain as= 0.29 £ 0.03.
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